ABSTRACT Effect of mating status on locomotor activity was examined in females of the parasitoid wasp Nasonia vitripennis (Walker). Mated females were more active than virgin females in both strains of N. vitripennis that were tested and regardless of whether or not the mated female stayed with her mate before testing. Mated females were more active than virgin females when tested immediately after mating and when tested 1 h, 1.5 h, and 2 h after mating. Mated females were still more active than virgin females when both had been allowed to parasitize a host for 2 h. Mated females were not signiÞcantly more active than virgin females at 1, 3, and 5 d after mating. Mated females that were allowed to parasitize a host for 3 h before testing were less active compared with those not given a host. Amount of activity was independent of a femaleÕs head width and did not affect a femaleÕs subsequent offspring production. Despite being more active, mated females did not kill more hosts than virgin females. However, among mated females, females that were more active subsequently killed more hosts, whereas this was not true for virgin females. Discussion of relevance to biological control and suggestions for future research are provided.
BECAUSE OF INCREASING costs and decreasing effectiveness of insecticides, use of parasitoids for biological control of insect pests has generated much interest (e.g., Patterson et al. 1981, Rutz and Patterson 1990) . However, there has been concern about the quality of parasitoids that are mass-reared for release. Activity level has been suggested as being a useful and easily measured indicator of parasitoid quality (Bigler et al. 1988) . If activity level is to be used, understanding what affects it is important (Dutton and Bigler 1995) . For example, if activity is affected by mating status, then it may be possible to change average amount of activity by modifying rearing or releasing methods in such a way as to change the proportion of individuals that are mated.
Here, effects of mating status on female locomotor activity are examined in the parasitoid wasp Nasonia vitripennis (Walker) . Adult N. vitripennis females are Ϸ2Ð3 mm long (Whiting 1967, Rueda and Axtell 1985) . A female will oviposit Ϸ20 eggs on a host. The offspring feed on the host, killing it in the process. In addition to ovipositing on hosts, adult females also feed on host ßuids. The hosts are the pupal stage of certain ßy species and are found in association with carrion, refuse, or bird nests. Some of the hosts are pest species (e.g., Rutz and Scoles 1989) . The effectiveness of N. vitripennis in controlling pest ßies has been questioned (e.g., Legner 1967) , speciÞcally for dairies and feedlots (Watson and Greene 1997) . However, "it appears to be a promising biological ßy control candidate" for use in northern poultry facilities (Rutz and Scoles 1989) , and it is sold commercially for biological control purposes (Hunter 1994 , Johnson 1998 .
Adult N. vitripennis females have fully developed wings and can ßy, whereas males have reduced wings and cannot. Restricting movement before mating may be important for females. Because males cannot ßy, if a female disperses from her natal patch before mating, her opportunities for subsequently mating may be slim, and an unmated female can produce only sons. Once mated, moving to a new host patch becomes important for a female because by the time she emerges from her host, the natal patch may no longer contain hosts that are suitable for oviposition (e.g., if the decaying organic matter has been consumed).
Previous experiments with N. vitripennis demonstrated that mating increases the duration of tethered ßight (King 1993) . The experiments presented here test for the following: (1) for the same pattern for overall locomotor activity with untethered females, (2) for the pattern in two different strains, (3) examine how long the effect of mating persists, (4) determine whether exposure to an unparasitized host reduces the activity of mated females, (5) determine whether a femaleÕs activity is related to her size or to her subsequent offspring production and ability to kill hosts, and (6) examine whether mated females kill more hosts and produce more offspring than virgin females as has been found for some but not all other parasitoids (references in Godfray 1994) .
Materials and Methods
The experiments were conducted with wasps from laboratory colonies of N. vitripennis maintained at Northern Illinois University. The Þrst experiment was with a CB ϩ strain of wild-type wasps (Skinner 1985 ) maintained on the host Sarcophoga bullata Parker. The other experiments were with a second, scarlet-eyed wasp strain maintained on pupae of the blow ßy Calliphora vomitoria (L.). All hosts were obtained commercially from Grubco (Hamilton, OH) as larvae, allowed to pupate, and stored in the refrigerator before use.
Female wasps were separated from male wasps as pupae to obtain virgins. Adult wasps were maintained on honey before use. To obtain mated females, virgin females and males were paired and mating was observed. Each experiment involved two or three treatments; and within each replicate of each experiment, treatments were matched with respect to female age and time of testing (and hence temperature and relative humidity).
Testing took place in a glass terrarium (59 cm long by 30 cm wide by 39 cm high or 50 by 26 by 31 cm or 72 by 37 by 47 cm) covered with a sheet of glass. A clear inverted cylinder, 6 or 7 cm high by 2 cm diameter was at the bottom center of the terrarium in all but the CB ϩ experiment (see below). The terrarium and cylinder sizes were constant within each experiment. The cylinder was used in hopes of increasing the number of ßights. The female was tapped out of a test tube onto the cylinder, or if absent, onto the center of the terrarium ßoor. The femaleÕs behavior was then recorded for 10 min: activity was deÞned as the total time spent moving any distance, i.e., walking, hopping, and ßying. Number of long ßights, short ßights, and hops were also recorded. Hops were distances less than Ϸ2 cm, short ßights were distances between Ϸ2Ð 4 cm, and long ßights were distances greater than Ϸ4 cm, except in the CB ϩ experiment, where long ßights were deÞned as those Ͼ6 cm.
The experiments and their treatments are described below. Statistical analyses were done using SPSS-PC version 4.0 (Norusis 1988) . We used an alpha of 0.05 for comparisons of means. Activity was compared between treatments within each experiment. To maximize statistical power, effects of pairing treatments were included in the analyses by using a paired t-test instead of an independent t-test only when the pairing effect was signiÞcant as measured by the correlation between pairs (Zar 1984, p. 152) . Descriptive statistics but not statistical comparisons are provided for number of long ßights, short ßights, and hops, to avoid the need to adjust alpha for multiple comparisons within experiments, which would reduce statistical power (Rice 1989) . Two-tailed P values are given for all experiments; conclusions are the same with one-tailed tests.
Experiment 1. The CB
ϩ experiment compared the activity of virgin versus mated CB ϩ females. Testing was within a few minutes of mating. Each pair of virgin and mated females were sisters. Therefore, before comparing the activity of mated versus virgin females we tested for a correlation between activity of the sister pairs.
Experiment 2. The 1.5-h with mate postmating experiment addressed whether mated females that had been with their mates for the last 1.5 h were more active than virgin females. In one treatment a justmated female and her mate, and in the other treatment a virgin female alone, were kept in a test tube for 1.5 h and then tested.
Experiment 3. The 2-h without-mate postmating experiment addressed whether mated females were more active than virgin females 2 h after mating when the mated female was not with her mate during that time. In one treatment a just-mated female, and in the other treatment a virgin female, was put in a test tube alone for the 2 h before testing.
Experiments 4 -6. The 1-, 3-, and 5-d postmating experiments addressed whether mated females are still more active than virgin females even 1, 3, and 5 d after mating. In one treatment a just-mated female, and in the other treatment a virgin female, was put in a test tube alone with honey for the 1, 3, or 5 d before testing. Access to honey has no effect on tendency for or duration of tethered ßight (King 1993) .
Experiment 7. The tapping experiment addressed whether the greater activity of mated versus virgin females could be a laboratory artifact, a result of tapping the test tube to remove the male after mating was complete in the mated female treatment. The three treatments in this experiment were mated females, virgin females, and tapped virgin females. The test tubes of the tapped virgin females had been tapped in simulation of male removal. After 1 h, each female was tested.
Experiment 8. The host-for-2-h experiment addressed whether the activity of mated females becomes equivalent to that of virgin females when both have been exposed to a host. In one treatment a justmated female, and in the other treatment a virgin female, was put in a test tube alone with an unparasitized host for the 2 h before testing.
Experiment 9. The mated with/without host experiment addressed whether the activity of mated females is reduced by exposure to a host. Each justmated female was placed in a test tube with or without an unparasitized host for the 3 h before testing.
Experiment 10. The 5-min postmating experiment again compared activity of virgin versus mated females, but also examined the effect of head width on activity and the effect of activity on subsequent offspring production and number of hosts killed. Each femaleÕs activity was measured within 5 min of mating for mated females. Each female was given 10 hosts and honey for 1 d; then she was frozen and her head width measured. Virgin and mated females did not differ in head width (t ϭ 0.11, df ϭ 57, P ϭ 0.91). Offspring were allowed to complete development and were counted.
The effects of mating status and female head width on activity, offspring production, and number of hosts killed were analyzed by analysis of covariance (AN-COVA) with mating status as a between-subject factor and female head width as a covariate (Zar 1984) . As ANCOVA assumes, there were no signiÞcant interactions between the factor and covariate (i.e., mating status and head width) in any of the three ANCOVA (activity: F ϭ 0.78, df ϭ 1, 54; P ϭ 0.38; offspring production: F ϭ 2.57; df ϭ 1, 48; P ϭ 0.12; number of hosts killed: F ϭ 0.20; df ϭ 1, 48; P ϭ 0.65).
The effects of activity on subsequent number of hosts killed and offspring production were analyzed by regression within each mating status rather than by ANCOVA because the ANCOVA assumption that the factor (mating status) and covariate (activity) are independent was not met.
Results

Among CB
ϩ wild-type wasps, mated females were more active than virgin females (Table 1) . There was no signiÞcant correlation between the activity of a mated female and her virgin sister (r ϭ Ϫ0.095, df ϭ 20, P ϭ 0.67).
Among scarlet-eyed wasps, mated females again were more active than virgin females, at Ϸ5 min after mating up to at least 2 h after mating (Table 2) . Mated females were more active than virgin females regardless of whether or not they had been with their mate in the time before testing (Table 2) . Mated females no longer were signiÞcantly more active than virgin females at 1, 3, and 5 d after mating (Table 3) .
The greater activity of mated versus virgin females did not appear to be simply a laboratory artifact resulting from tapping the mated femaleÕs test tube to remove the male. Mated females were more active than both virgin and tapped virgin females (Table 4) . There was no signiÞcant difference in activity of virgin versus tapped virgin females (Table 4) .
Mated females were more active than virgin females even after both had been exposed to a host for 2 h (Table 5) . However, receiving a host for 3 h decreased how active mated females were (Table 5) .
Activity was independent of female head width (F ϭ 0.02; df ϭ 1, 55; P ϭ 0.89). Mothers with larger heads produced more offspring; and when head width was the covariate, offspring production was greater for virgin than mated females (Fig. 1) . Mothers with larger heads also killed more hosts (F ϭ 6.55; df ϭ 1, 49; P ϭ 0.01), but the number of hosts killed was independent of the motherÕs mating status (F ϭ 0.98; df ϭ 1, 49; P ϭ 0.33).
Offspring production was independent of activity for both virgin and mated females (r ϭ Ϫ0.30, df ϭ 24, P ϭ 0.14; r ϭ 0.06, df ϭ 24, P ϭ 0.77). Number of hosts killed increased with the activity of mated females but not of virgin females (Fig. 2) . 
Discussion
Mated N. vitripennis females were more active initially than virgin females in this study. Similarly, in a previous study of tethered ßight, duration of ßight was signiÞcantly longer for mated females than for virgin females, although tendency to ßy or not ßy did not differ with mating status (King 1993) . This consistency between locomotor activity (primarily walking) and tethered ßight duration is encouraging because tethered ßight experiments do not work with some species. For example, in the parasitoid wasp Spalangia cameroni Perkins, females repeatedly attempt to dislodge the tether (B.H.K., unpublished data).
The greater activity of mated versus virgin females in the current study persisted for at least 2 h. It persisted even when the female had been exposed to an unparasitized host for the 2 h before testing. However, 1, 3, and 5 d after mating, mated females were no longer signiÞcantly more active than virgins. Comparisons among experiments suggest that this may have resulted from an increase in activity of virgin females rather than from a decrease in activity of mated females (Tables 3 versus 1 , 2, 4, 5) , although this remains to be tested formally. One might expect virgin females to become more active with time (and thus more similar to mated females) because the cost of inactivity in lost oviposition opportunities may increase. As time passes, life expectancy decreases; and in the absence of hosts at the natal site, females will begin to reabsorb eggs (Whiting 1967) .
A positive effect of mating on female activity may be common among parasitoid wasp species. In Trichogramma minutum Riley, a higher proportion of mated females ßy than unmated females (Forsse et al. 1992) . In Trichogramma brassicae Bezdenko, mated females are more active than virgin females for at least the 3 d after mating (Pompanon et al. 1995) . In Pachycrepoideus vindemiae (Rondani), females from broods lacking males leave their natal patch less quickly than do females from broods with males (Nadel and Luck   Fig. 1 . Number of offspring (y) produced by females of different head widths (x): virgin females (ƒ, ---, y ϭ 149.7x Ϫ 63.8), mated females (F, ÑÑÑ, y ϭ 149.7x Ϫ 74.6). The common slope was signiÞcantly different from zero (F ϭ 11.1; df ϭ 1, 49; P ϭ 0.0021), and the intercept differed signiÞcantly between virgin versus mated females (F ϭ 4.27; df ϭ 1, 49; P ϭ 0.044). Fig. 2 . Number of hosts killed (y) by females of different activity levels (x): virgin females (ƒ): r ϭ Ϫ0.29; F ϭ 2.17; df ϭ 1, 24; P ϭ 0.15; mated females (F, ÑÑÑ) r ϭ 0.44; F ϭ 5.79; df ϭ 1, 24; P ϭ 0.02, y ϭ 0.014x Ϫ 1.07). The regression line for the virgin females is not given because it was not statistically signiÞcant. The effect in mated females is significant even if the female that was active for only 5 of 600 s is excluded. 
a Virgin versus tapped virgin t ϭ 0.23, df ϭ 29, P ϭ 0.82; tapped virgin versus mated t ϭ 4.07, df ϭ 58, P Ͻ 0.001. Table 5 . Mean ؎ SEM (range) time active (seconds in a 10-min test) and number of hops, short flights and long flights in the mated with/without host for 3-h experiment and the with host for 2-h experiment 1992). In Goniozus natlensis Gordh, mated females exhibit more host searching than do virgin females (Smith et al. 1994 ). In contrast, the effect of mating status on female activity in nonparasitoid insects generally seems to be in the opposite direction, if present. Locomotor activity decreases with mating in female German cockroaches, Blattella germanica (L.) (Lin and Lee 1998) . Likewise, in the small milkweed bug, Lygaeus kalmii Stål, and the moth Helicoverpa armigera (Hü bner), mating decreases tethered ßight duration (Caldwell 1974, Armes and Cooter 1991) ; and in the bug Dysdercus intermedius Distant, mating is followed by wing muscle histolysis (Edwards 1969) . In contrast, in the tarnished plant bug, Lygus lineolaris (Palisot de Beauvois), and Nysius vinitor Bergroth, mating apparently does not affect ßight behavior (Kehat and Wyndham 1973, Stewart and Gaylor 1994) . In the large milkweed bug, Oncopeltus fasciatus (Dallas), mating does not initially decrease duration of tethered ßight; however, it decreases the probability of ßying at older ages (Dingle 1966) .
That N. vitripennis females are less active before than after mating may contribute to matings occurring at the natal site. This idea has not been tested but could be by testing whether virgin females that are less active are more likely to mate or mate sooner. Other likely contributors to natal mating are that 1% of females mate within the host before emerging (Drapeau and Werren 1999) and that males are protandrous, cannot ßy, and are site-faithful (van den Assem et al. 1980) . N. vitripennis has two ecologically similar congeners (Darling and Werren 1990) . These congeners have winged males and do signiÞcantly more mating before emerging from the host than does N. vitripennis (Drapeau and Werren 1999) . Whether virgin females are also less active than mated females in these species remains to be tested. There may be less selection for lower activity in virgin females in these congeners, relative to N. vitripennis. Because males can ßy in these congeners, dispersing virgin females may have a greater chance of mating away from the natal site, e.g., at oviposition sites. How effective all these behaviors together are at ensuring that females mate is unclear. Approximately 10% or less of adult N. vitripennis females collected at host sites lack sperm (Skinner 1983; Madej 1992) ; however, these spermless females have reduced fecundity, and Skinner (1983) suggests that they may have run out of sperm rather than never mated.
Whereas mating increases activity in female N. vitripennis, exposure to hosts appears able to decrease activity. Three hours of exposure to C. vomitoria hosts decreased subsequent activity, a result consistent with an earlier study by Nagel and Pimentel (1963) . Nagel and Pimentel gave an unspeciÞed number of Musca domestica L. hosts to one set of 200 wasps and no hosts to another set of 200 wasps. They then tested dispersal 1 d later. The female wasps not exposed to hosts spread to 12 plastic cells within 1 d, whereas the other females spread to only three cells. Unfortunately, their experiment involved only one test trial per treatment (i.e., n ϭ 1). The presence of hosts also decreases ßight propensity in females of the parasitoid wasp T. minutum (Forsse et al. 1992) .
In contrast, exposure to hosts has no signiÞcant effect on the subsequent tendency for, or duration of, tethered ßight in mated N. vitripennis females that are given one S. bullata host over a 2-d period or two S. bullata for each of the 2 d before testing (King 1993) . One likely explanation for the discrepancy among these studies of N. vitripennis is that the effect of hosts on activity may depend on the rate at which hosts are provided; the difference among studies could also be related to differences in host species or the type of activity being measured, walking versus ßying.
The physiological mechanism of changes in activity deserves further study. N. vitripennis females that are given unparasitized hosts exhibit a faster decline with age in the ultrastructure of their ßight muscles than females given a sucrose solution (Davies and King 1975) . Whether the faster decline results from the exposure to hosts or from the lack of sucrose has not been examined, although exposure to honey, which is a mixture primarily of glucose and fructose (Fessenden and Fessenden 1979) , does not affect tethered ßight activity (King 1993) . Whether exposure to hosts or mating affect walking muscles also remains to be examined.
Exposure to hosts may affect activity not only by affecting muscle structure, but also by affecting parasitoid weight. Parasitoids exposed to hosts may weigh more as a result of host feeding, and weighing more may make it more difÞcult to be active. However, if this were the case, feeding on honey might also be expected to decrease activity, but it does not (King 1993) .
Activity and body size have both been proposed as useful measures of parasitoid quality in mass-rearing programs. The two measures were independent in N. vitripennis, suggesting that they reßect different aspects of parasitoid quality. Consistent with most other studies of parasitoid wasps (e.g., references in King 1987) , larger N. vitripennis females produced more offspring and killed more hosts. Larger parasitoids may also be more effective in other ways such as greater longevity (e.g., Ueno 1998 Ueno , 1999 and farther dispersal (Ellers et al. 1998) .
Relatively few studies have addressed whether activity is a useful measure of parasitoid quality. Perhaps the most convincing evidence comes from study of the egg parasitoid T. maidis Pintureau-Voegele, where walking activity in the laboratory and parasitism in the Þeld are positively correlated among strains (Bigler et al. 1988) . In N. vitripennis, evidence that greater activity may translate into greater control of pest hosts comes from the observation that the number of hosts killed increased with activity, at least among mated females. Despite the greater activity of mated versus virgin females, virgin females appeared to be at least as effective as mated females at parasitizing hosts in N. vitripennis, although this is not the case in some other parasitoids (references in Godfray 1994) .
